Abstract-This paper presents an effective method of linearizing the electrostatic transfer characteristics of micromachined two-dimensional (2-D) scanners. The orthogonal scan angles of surface micromachined polysilicon scanner are controlled by using quadrant electrodes for electrostatic actuation. By using a pair of differential voltages over a bias voltage, we could improve the distortion of projected images from 72% to only 13%. A theoretical model has been developed to predict the angle-voltage transfer characteristics of the 2-D scanner. The simulation results agree very well with experimental data. Differential voltage operation has been found to suppress the crosstalk of two orthogonal scan axes by both experimentally and theoretically. We have found that a circular mirror is expected to have the lowest angular distortion compared with square mirrors. Perfect grid scanning pattern of small distortion (0.33%) has been successfully obtained by predistorting the driving voltages after calibration.
I. INTRODUCTION

M
ICROMECHANICAL two-dimensional (2-D) optical scanners have attracted large attention because of their various microelectromechanical system (MEMS) applications such as free-space fiber-optic switches [1] , [2] , projection displays [3] - [7] , confocal microscopes [8] , [9] , free-space laser communications [10] , and laser radars. Electrostatic actuation offers many advantages for scanners, including fast response time and simple drive electronics rather than other methods. Electrostatic torsion mirrors can be actuated at low power consumption in both resonant and quasistatic operation. However, they have highly nonlinear transfer characteristics for converting applied voltage to rotation angle, which may result in, for instance, large distortion of projected images for displays, poor pointing accuracy for laser raders, and large insertion loss of fiber-optic switches. Therefore, such applications use complex feedback control system.
A pair of one-dimensional (1-D) scanners can be cascaded to compose a 2-D scanner [1] , [5] , [6] . The advantage of this architecture is that the orthogonal scan angles can be independently controlled with two driving voltages. However, the field of view is limited by the size of the second mirror; the light spot projected onto the second mirror might walk off when the scan angle of the first mirror is large. On the other hand, 2-D scanners made of a single micromirror do not have such walk-off Manuscript received July 26, 2000; revised January 23, 2001 . This work was supported in part by DARPA (DAAH 01-99-C-R220). Subject Editor T. Kenny.
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Publisher Item Identifier S 1057-7157(01)03940-3. problem [2] , [5] , [12] . Difficulty of this approach, however, lies in the crosstalk of driving voltages for 2-D scanning in addition to the electrostatic nonlinearity.
In this paper, we present a linearization scheme that effectively suppresses the nonlinearity of the electrostatic 2-D scanners by using differential voltage operation. The differential voltage operation also suppresses the crosstalk between the scan axes. A theoretical model has been developed to predict the angle-voltage transfer function of 2-D scanner. The simulation results agree very well with experimental data. We have studied the effect of mirror shape on the linearity of the scan angle and found that a circular mirror has the lowest angular distortion compared with square mirrors. We have also demonstrated scanning an almost perfect grid pattern by predistorting the driving voltages after calibrating the 2-D scanner. Although this technique is not able to eliminate feedback control in applications such as free-space fiber-optic switches, it would be useful to simplify the design of feedback control system. Fig. 1 shows the scanning electron micrograph (SEM) of the 2-D scanner used for our simulation and experiment. It is fabricated by surface-micromachining foundry service (Multi-User MEMS Process, or MUMPs, by Cronos Integrated Microsystems, Research Triangle Park, NC). The structure is made of polysilicon, and the micromirror surface is coated with gold for higher reflectivity. The mirror plate (400 m 400 m in area and 1.5 m in thickness) is suspended by the double-gimbal structure, which consists of two pairs of -and -scan. To achieve large scan angle, the micromirror is suspended above the substrate with an air gap of 72 m using the micro-elevator self-assembly (MESA) technique [11] . Four sets of scratch-drive actuators [12] are used to push up the frame structure until it is locked by the small springs. The suspended structure is electrically grounded, and the scan angles are electrostatically controlled by using four voltages V V V V applied to the quadrant electrodes underneath the mirror. Incident light is aligned to shoot the center of the micromirror, and the reflection light is spatially modulated by the motion of the mirror. As shown in the figure, we take scan angles and around the -and -axis, respectively.
II. ELECTROMECHANICAL SIMULATION MODEL
We model the mirror by using coordinate conversion illustrated in Fig. 2 . The origin of frame is set at the center of the mirror. We rotate the frame with the mirror around the -axis by angle , as shown in Fig. 2(a) , leaving a new frame at the initial place. The new coordinate measured in frame after rotation is written by using a transfer matrix as (1) where is the coordinate of the identical point measured in frame . For -scan around the -axis, we similarly write the coordinate transfer as (2) Our model applies -scan before -scan, because the rotating axis of -scan moves with the inner frame when the frame is rotated in the -direction (see Fig. 1 ). The transfer matrix for this cascaded operation is
The matrix can be used for transferring points as well as vectors. An element of small area on the mirror, , and the normal vector of the mirror, , are transferred to (4) and (5) respectively. Note that these coordinates after two conversions are now measured in the new frame, , whose -and -axes are in parallel with the torsion bars at the initial position.
As illustrated in Fig. 3 , the maximum slope angle of the mirror to the substrate, , is equal to the angle between the -axis , and the normal vector of the mirror, . Therefore, we take the inner product of them to find as follows:
Taking point on the substrate straight down from point , we write the length as , where is the initial gap between the mirror and the substrate, is the vertical displacement of the mirror center in direction, and is the -component of coordinate [see (4) ]. Assuming that the flux of electric field on element is represented by arc , we write the strength of the field by dividing the applied voltage by the length of the arc. The arc length is calculated to be
Therefore, the electric field is
The electrostatic force acting on this element is written as (10) where is the dielectric constant of vacuum, F/m, and is the area of the element. Neglecting the fringing effect of the electric field, we estimate the electrostatic torque by numerically integrating the force over the portion of the mirror that corresponds to the electrode. Hence, the electrostatic torques for -and -scan are (11a) (11b) respectively. The negative sign of in the second equation is due to the direction of angle defined with respect to the coordinate (Fig. 2) .
While the mirror is rotated by the torques around the -and -axes, it is also pulled down along direction. The -component of the electrostatic force (10) is written as . Hence, the electrostatic force is
Since the mirror is controlled by the quadrant electrodes, V V V V , the total electrostatic torques and force are obtained by adding four contributing terms as 
V (12c)
Each term has different range of integration the electrostatic force. For a square mirror and quadrant electrodes used in our experiment, we modeled the dimensions as illustrated in Fig. 4 . Four electrodes are located underneath the mirror, and their center is precisely aligned to that of the mirror by the MESA technique. In order to avoid electric short circuit upon contact, the mirror size m is designed to be slightly larger than the electrodes by margin ( m), and there is a gap ( m) between the tiled electrodes. Since we have assumed that electrostatic attraction force is distributed all over the mirror, we took as a range of integration for the first quadrant electrode V for simplicity. Equations (11a), (11b), and (11c) are applicable to mirrors of arbitrary shapes by modifying the range of integration. Mirror-shape dependence of scanning linearity will be discussed later.
On the other hand, mechanical restoring torques of the torsion bars are written in a linear term of angle as [13] (13a)
where is the modulus of rigidity, and , , and are the width, length, and thickness of the torsion bar, respectively. We used a constant value of 73 GPa for since silicon is known to have a linear stress-strain characteristic before mechanical fracture [14] , and that our device operates in the range lower than the yield strength.
The suspensions experience torsion as well as bending due to the electrostatic attraction force. For the mechanical restoring force in the -direction, we used a fixed-fixed beam model for the suspensions (total length of ) [15] . (13c) where is Young's modulus (190 GPa for silicon), and is the suspension's moment of inertia of area. Since two fixed-fixed beams are cascaded in the double gimbal structure, we have a factor of 1/2 in (13c). Strictly speaking, these mechanical torques and force should be coupled each other. In particular, stiffness of bending beam in the -direction changes with the twisting angle of the beam because the neutral plane of the beam deviates from the initial neutral plane, resulting in the change of moment of inertia of area. In our experiment, however, maximum torsion angle was as small as 1 degree and maximum deflection of beam was no greater than 2% of its length. Therefore, we used a linear model (13c) for the bending beams, which was regarded as independent of the torsional motion. In addition, deformation of gimbal frame is not taken into account. For more detail analysis, one should use finite element method.
One can find values of under electromechanical equilibrium condition by numerically solving the following simultaneous equations: (14) We used Mathcad (Mathsoft, Inc., Cambridge, MA) to numerically find solutions of and as a function of voltages.
Using four independent voltages makes the control system complicated. Hence we use only two independent parameters and to control and , respectively. One of the possible voltage combinations to tilt the mirror toward the fourth quadrant electrode (corresponding to and ) is
We call this scheme as "nondifferential" drive. Note that two voltages are superposed for V and that V is grounded as a reference electrode. In Fig. 5 , we show the results of simulated angles, and as a function of V and V . It is observed that angle and increase with increasing V and V , and that the crosstalk is too large to achieve independent control of and . Furthermore, they have large nonlinearity, which possibly distorts the shape of scanned image. By sequentially shifting those voltage components, the mirror can be tilted to each electrode. After obtaining similar plots of and for each quarter, we put them together to show the entire angle-voltage characteristics in a single plot, as shown in Fig. 6(a) and (b) . Deviation from the ideal characteristic surface (indicated by dashed lines) is large when V and V are set to large values. Again, note that the voltage combinations are different in each quadrant section and that V and V take positive values only. Circled numbers in Figs. 5 and 6 are to make correspondence to the scanned image to be shown in Fig. 9 later.
In addition to rotational motions, the mirror is attracted downward in the -direction due to the finite stiffness of the suspension as shown in Fig. 6(c) . The change in the electrostatic gap also has an effect to enhance the electrostatic torque. However, the maximum vertical displacement is small (0.8 m) compared with the initial air gap (72 m), and the effect is not significant here. We will come back to this point later when we discuss the differential voltage operation.
III. OPTICAL SIMULATION MODEL
In this section, we discuss a simulation model to relate the mirror's normal vector to the direction of reflected light. As depicted in Fig. 7(a) , an incident light vector , a reflected light vector , and the normal vector of the mirror lie in the identical plane, and the incident angle is equal to reflection angle. A pair of congruent triangles and are found by using points , , and, on the extensions of unit vectors , , and , respectively. Since is in parallel with , it is written as , where is a scalar. As vector is perpendicular to vector , their inner product is zero:
(16) Therefore, we find . The same value of is also used to represent vector as . Since vector is equal to , we find as (17) Substituting the value of into (17), we obtain an expression of as a function of and :
(18) The first term shows that the vector components parallel to the mirror surface are preserved, and the second term implies that optical scan angle is not always twice as much as the mechanical scan angle but that the leverage factor is modulated by the incident angle to the mirror. This nonlinear effect is intrinsic to reflection and cannot be eliminated by changing the design of the scanner.
Next step is to find a projected spot on a screen. As illustrated in Fig. 7(b) , we place a screen at , where vector is identified as vector , and the normal vector of the screen is . Since a projected spot can be found on the extension of vector , we write as , where is a scalar. Vector lies in the screen and it is perpendicular to , and thus their inner product is zero. Hence, we find . The projected light spot is, therefore, located at (19) Fig. 8 schematically illustrates the set up of our optical scanning experiment. The incident light from a laser diode (Newport, model 700P, nm) is guided with a multimode fiber with a ball-lens along direction, and is collimated to the mirror from a 3-mm distance. A position sensitive detector (PSD, ON-TRAK Photonics Inc., model OT-3210), which serves as a screen, is located 3 cm from the mirror with its normal vector in direction. Driving voltages are PC-controlled with an I/O card (PCI-MIO-16XE-10) and LabView (both from National Instruments Corp., Austin, TX) through our home made 4-channel voltage amplifiers (using hybride operation amplifiers, APEX PA85A). The position data from the PSD is acquired by the same LabView program.
In (19) , the light spot is measured in the coordinate whose origin is located at the center of the mirror. To read it by using the -axes on the screen (PSD), we need to apply another transfer matrix. When the screen is set with its normal vector along direction, as shown in Fig. 8 , the -plane can be in parallel with the -plane (of frame ) after rotating the -plane by 135 in direction. The new coordinate measured on the screen is (20) We take the -and -components of this vector to locate the spot on the screen. Fig. 9(a) plot the simulated projection image of the 2-D scanner operated by the control voltage shown by (15) . Voltages have been changed from 0 V to 34 V for and from 0 V to 17 V for in each quadrant. Larger driving voltages are needed for rather than in order to equalize the scan range in both and on the screen due to the angled incidence. Because of the nonlinear electrostatic characteristics, the image is skewed toward the corners by as much as 67.5% of the half scan range. Each quadrant section marked up with a circled number corresponds to that in the angle-voltage plot in Fig. 6 . The simulation results agree very well with the experimental data shown in Fig. 9(b) ; the maximum distortion was measured to be 71.8%. The distortion near is due to the hysteresis of electrostatic operation. The scan area has been calculated to be larger than that of experiment because we have overestimated the electrostatic force by neglecting the effect of the substrate as a ground plane.
IV. LINEARIZATION BY DIFFERENTIAL VOLTAGE OPERATION
Applying a small control voltage over a large bias voltage has been known to improve the linearity in the limited range of 1-D electrostatic actuators whose output is governed by the square of voltage [16] . It has been also known that differential drive with bias voltage can further improve the linearity of 1-D comb drive actuator of lateral motion [17] and 1-D torsion mirror [18] . However, behavior of 2-D-torsion mirror has not been fully understood because of the complexity in describing electrostatic force as a function of rotational angles and vertical translation of the mirror. To our knowledge, the present paper is the first theoretical and experimental demonstration of the linearization and crosstalk suppression of 2-D scanners based on the torsion mirror structure. We use two independent differential voltages, V and V , over a bias voltage, V , to apply the driving voltages as follows:
where V and V are chosen such that V . Simulated scan angles as a function of differential voltages are shown in Fig. 10 . In this calculation, we set bias voltage at 55 V and changed differential voltages from 20 V to 20 V with an increment of 4 V. Different from the results of nondifferential operation (Fig. 6) , the characteristic surfaces are not warped. Furthermore, the voltage crosstalk is negligible except near the corners. With the same setup illustrated in Fig. 8 , we calculated the scanned image as shown in Fig. 11(a) . The maximum distortion has been suppressed down to 17.1%. Scan width at the top, , is slightly different from that at the bottom, , as predicted by the second term of (18) . The simulation data agrees well with the experimental data shown in Fig. 11(b) . The distortion is large (13.3%) at the top and small (9.8%) at the bottom. This small mismatch is due to the imperfection of optical alignment in our experiment. Fig. 12 shows the scan field experimentally obtained by the differential voltages between 34 V and 34 V for V and from 17 V to 17 V for V over bias voltages of 40, 45, 50 and 55 V. The scan range can be tuned linearly with the bias voltage. At the same time, the field was found to drift toward as the bias voltage increases. This result implies that the structure of the scanner is not perfectly symmetric but it has a small initial offset angle. The offset causes unbalance of electrostatic torque across the torsion bars, and the mirror starts tilting in that direction when the bias voltages are increased. At bias voltages over 60 V, the mirror becomes unstable due to electrostatic pull-in. For this reason, we have chosen small scan range (corresponding to the mirror angle of less than 2 ) to avoid damaging the mirror. Here arises a question regarding the effect on the stable deflection range when changing driving scheme from nondifferential to differential. For simplicity, we used our analytical model for 1-D simulation in the direction only. For nondifferential operation, we applied voltage to and , leaving and grounded. On the other hand, voltages described in (21) were used for differential operation but with forced to zero. Fig. 13 compares the angle as a function of voltage . It has been found that pull-in angle slightly decreases with increasing bias voltage but the shift is negligible for our scanner. The influence of bias voltage on the pull-in angle becomes significant when the initial air gap becomes small compared with the mirror size.
V. MIRROR SHAPE DEPENDENCE OF LINEARITY
We briefly investigate the mechanism of linearization by simplifying the model back into a 1-D torsion mirror. Equation (11) indicates that the square of voltage is explicitly included in the electrostatic torque. When applying a differential voltage, V , over a bias voltage, V , we write electrostatic torque acting on the left-hand side of the mirror as V V and that on the right-hand side as V V , where and are geometrical factors . The net electrostatic torque is
This equation is true to most 1-D electrostatic actuators that do not change the shape of the air gap so much. In the case of parallel-plate actuator, for example, the geometrical factors, and , are constants of the same value with opposite signs. Hence, the second term is cancelled out, leaving the first term, which is proportional to V . On the other hand, the process of linearization is different for torsion mirrors because and are actually functions of V and that the second term remains. However, our numerical calculation has found that the second term is also proportional to V when appropriate values of voltages are used (at least V V ). Hence, the net torque of the 1-D scanner is also proportional to V . Similar mechanism of linearization has been found in the differential operation of the 2-D scanner by using the theoretical model. As we have seen in Fig. 10 , each scan angle has been linearized to one of the two control voltages; at the same time, the crosstalk between these voltages has been also significantly suppressed.
For this reason, the linearity of 2-D scanner depends on the geometrical factor, that is, the shape of the mirror. As shown in Figs. 6 and 10, the angular distortion becomes large near the corners, where the mirror is diagonally titled toward one of the electrodes. Therefore, the linearity would be improved if the extra attraction force is reduced by chopping off the corners of the mirror.
We used our theoretical model to compare the distortion of three different types of mirrors: square (control), diamond shape, and circular mirrors. We set the mirror dimensions such that a beam spot of the same diameter ( m) can be fit in the mirrors: the square and diamond mirrors are in area, while the circular one is in diameter. Fig. 14 compares the relative angular distortion as a function of mirror angles and . Driving voltages has been set at large values (V V V and V V) to clearly show the difference of distortion at a large scan range. Since the distortion of projected image depends on the attitude of the screen, we used the mechanical angle of the scanner for comparison. The distortion referred in this paper is defined by the angle deviation from the ideal value and is normalized by the maximum scan angle; see the dashed lines in Fig. 6 as an example of the ideal plane (which is indistinguishable in Fig. 10 ). The square mirror and the diamond shape mirror have been calculated to have large angular distortion of more than 5% at the corners ( ) while the circular one has 2.6%.
We have fabricated scanners of square and circular mirrors over the identical electrode design (Fig. 4) to experimentally compare distortion. After carefully aligning the optics (Fig. 8 ) and minimizing the image distortion for each mirror, we adjusted differential driving voltages to have equivalent size of projected images ( , ) at the same bias voltage. As a result, we found that the circular mirror had smaller image distortion (3.1% on PSD) rather than the square one (5.6% on PSD) in the scan range less than 1.5 .
VI. CALIBRATION FOR HIGHER POINTING ACCURACY
Transfer function of 2-D scanner is a mapping from four voltages, V V V V , to two angles when voltages are controlled independently. To solve the inverse problem, therefore, one needs to look for four unknown voltages from two given angles but may find more than one solution. On the other hand, differential drive allows us to find a unique combination of voltages, V V , from two given angles, , and one given bias voltage, V .
Here we demonstrate highly accurate positioning of 2-D scanner by predistorting the differential driving voltages after calibrating the electrostatic characteristics of the scanner. First, we prepare look-up tables of continuous transfer functions, V V and V V , by numerically interpolating the data shown in Fig. 11 (a) by using software. We then convert the target coordinates, , back into corresponding driving voltages V and V by using the Newton's method on the look-up table. For example, Fig. 15(a) shows voltages for scanning a horizontal line from point to in Fig. 11(a) . Voltage V is calculated to be almost linear with time, since the calibration points on line up with a uniform step in the -direction. On the other hand, voltage V is not a constant value but predistorted toward larger values around point in order to compensate the calibration image [ Fig. 11(a) ], which distorts inwards around point . Fig. 15(b) plots the experimental result of grid scanning by this method. The spots on line are successfully scanned straight. Furthermore, the maximum distortion was found to be as low as 0.33%. This minimal distortion is mostly attributed to the wobbling of the scanner, whose control voltages are changed stepwise. The maximum number of resolvable spots was measured to be 30 in the -axis and 58 along the -axis. The difference is due to the diffraction from the surface topology of the mirror. The mirror quality (surface curvature and roughness) could be improved by using a thicker mirror that had been bonded on top of the polysilicon platform by a wafer-scale device transfer technique [19] , [20] .
Distortion obtained here is not small enough for applications such as free-space optical switches, which require sophisticated feedback control. For such application, therefore, the differential operation provides coarse positioning to swiftly reach the range of feedback. For other applications in which small distortion is not crucial, this technique is very useful to make a concise control system; for example, we have used the differential voltage operation for our confocal scanning microscope to successfully obtain images from a specimen [9] .
VII. CONCLUSION
We have proposed three techniques to improve the scanning linearity of electrostatic micromechanical 2-D scanners: 1) using differential voltage operation, 2) optimizing the mirror shape, and 3) predistorting driving voltages after calibrating the scanner. Distortion of projected image has been dramatically improved from about 72% to 13% by using a pair of differential voltages over a bias voltage. Differential voltage operation has been found to suppress the crosstalk of two orthogonal scan axes. The results of differential operation could be well predicted by using the theoretical simulation presented in this paper. We used coordinate conversion matrices to model the electromechanical actuation of the 2-D scanner. By using the theoretical model, we found that a circular mirror had small distortion compared with a mirror of square or diamond-shape. A perfect grid pattern (0.33% distortion) was successfully scanned by predistorting the differential driving voltages after calibrating the transfer characteristics of the scanner. We believe that these techniques are very useful to improve the performance of optical MEMS applications based on 2-D scanners such as scanning displays, microscopes, free-space optical interconnections, and laser raders.
